We have investigated an insulating origin of the layered Mn oxypnictide (LaO)MnPn with half-filled Mn 3d bands by choosing pnictogen atoms from P to Sb and introduction of hole carriers. Metallic states are found in (LaO)MnAs and (LaO)MnSb at higher hole doping.
Introduction
Transition metal layered oxypnictides (LaO)TPn (T=transition metal elements, Pn=P, As, Sb), which consist of the LaO layer and the transition pnictide layer stacked along to the c axis of the crystal, show various physical properties such as superconductivity for Fe [1] , Ni [2] , ferromagnetic metal for Co [3] , nonmagnetic insulator for Zn [4] , depending on the kind of transition metal elements. In this material group with the homogeneous crystal structure of iron based superconductors, (LaO)MnP [5] with half filled 3d bands has been reported to a room temperature antiferromagnetic insulator. Why does the material indicate the insulating characters? It should be due to electron correlations. If it leads to the insulating nature, weakening the electron correlation provides metallic characters. In spite of many efforts of carrier doping, no metallic results have not been reported yet. Only pressurizing samples has succeeded in metalization. From these results, (LaO)MnP is very robust for carrier doping [6] . For investigation of the insulating origin, a tuning electron hopping ratio (transfer integral) is very important. When considering only the Mn 3d orbitals, enlargement of the Mn-Mn distance leads good localization of the Mn 3d electrons. However, in the oxypnictide system, choosing a pnictogen atom control the electron hopping rate and Mn-Mn distance at the same time because the Mn 3d orbitals are hybridized with the pnictogen np orbitals (n=3, 4, 5).
In our previous study [7] , we had focused on (LaO)MnAs and investigated the Zn substitution effects against the Mn atom and carrier doping effects by replacing the oxygen atom with the fluorine atom, which provides electrons. In spite of the substitution up to 30% fluorine concentration for (LaO 1-x F x )MnAs, no metallic properties were found. In (LaO)Mn 1-x Zn x As, the lattice constant a showed decreasing trend but no significant change was observed. So, (LaO)MnAs is also robust for electron doping.
In this study, we have investigated hole doping effects which are expected to change the Mn valence on the physical properties for (LaO)MnP, (LaO)MnAs, and (LaO)MnSb, which has different electron hopping rate due to spatial spread of np electron wave function, to understand the insulating origin.
Experimental
Samples of the Mn oxypinictides (LaO) 1-x MnPn (Pn=P, As, Sb; x=0~0.3) grown though solid-state reaction were polycrystals. Crystal structures of samples were evaluated by x-ray diffraction measurement using the Cu Kα line. The magnetization was measured by SQUID between 4 K and 300 K. The electrical resistivity was measured by using home-made apparatus through two-probe method for the high resistance sample (R > 10 3 Ω at 300 K) between 80 K and 300 K. For the other samples, PPMS was used for the measurement between 4 K and 300 K. The MnP system has a tiny amount of Mn 2 P antiferromagnetic impurity (T N =103 K) [8] . In case of the MnAs system, there is no impurity phase, which means that this system is almost single phase. The MnSb samples show a ferromagnetic impurity MnSb (T c =587 K) [9] at x = 0.2 and 0.3. The diffraction peaks from MnSb increase with concentration x. Figure 2 shows temperature dependences of electrical resistivity. Firstly, we would like to see the absolute values at room temperature of (LaO)MnP, (LaO)MnAs, (LaO)MnSb. These values are almost the same. The MnP system doesn't show drastic changes and the electrical properties still remain semiconducting against the highest substitution amount x=0.3. This system is robust for hole doping. On the other hand, the MnAs and the MnSb indicate the different behaviors. The electrical resistivity of the MnAs system at room temperature decreases by six orders of magnitude. At x = 0.3, the resistivity has a round shaped peak around 150 K and exhibits a metallic feature at lower temperature. The MnSb system also presents drastic decrease. In case of x > 0.2, samples are metallic in the entire temperature range. Figure 3 shows temperature dependences of the magnetization under the magnetic field of 1 T. Firstly, each parent materials don't show apparent temperature dependences, which means they are in antiferromagnetic states. This temperature independent behavior resembles that of (LaO)FeAs. The MnP system has kinks around 110 K. This is due to Mn 2 P magnetic impurity as found in the XRD profiles. Ferromagnetic behaviors are found for x > 0.2 in the MnAs system. The ferromagnetic origin will be discussed later. The MnSb system has much larger magnetic moment. This huge moment is definitely due to the ferromagnetic impurity of MnSb which is measured in the XRD patterns. 
Discussions
In this study, the various Mn pnictide systems with different electron hopping ratio have been investigated. Since spread of the p orbitals of pnictogen atoms enlarges with increasing main quantum number n, choosing a heavy pnictogen atom should change the electron hopping ratio and it permits carrier doping to the system. Actually, (LaO)MnAs and (LaO)MnSb had a metallic phase at higher concentration doping.
If holes are introduced into the MnPn layer, a part of Mn 2+ changes into Mn3+, and then, the antiferromagnetic order should collapse. However, magnetic impurities prevent the evaluation. In case of (LaO)MnAs system, no impurity phase was found in the XRD profiles but there is some possibility of a magnetic impurity, considering intensity accuracy of XRD (~1%). One of possibility of a magnetic impurity is MnAs (T c = 310 K, saturation magnetization = 3.4 µ B /Mn atom) [10, 11] . The observed saturation magnetization of (LaO) 0.7 MnAs at 4 K is evaluated to 0.0064 µ B /Mn atom from the magnetic field dependence measurement and it means that 0.2% amount of MnAs is included in the sample. This ratio is quite tiny for XRD measurement. So, the origin of ferromagnetism found in the MnAs system might be a magnetic impurity. Regarding to the MnSb system, the estimated amount of MnSb impurity found in (LaO 0.7 )MnSb from the saturation magnetization measured at 4 K is 8%. This value is in agreement with the analyzed value from the XRD profile. So that means the ferromagnetic origin in this case is ferromagnetic impurity, too.
In our preliminary study of the Mn 2p-3d resonant x-ray photo-emission spectroscopy (PES) for the electron doping sample with metallic character (LaO 0.7 )MnSb, a finite density of state (DOS) of Mn 3d electrons were found near the Fermi level (E F ). So, conduction carriers of the hole doping sample (LaO) 0.7 MnSb are speculated to be Mn 3d electrons since the valence bands of hole doping materials are also expected to be the same as the electron doping sample, roughly. Hole doping effects on physical properties ... K. Takase et al.
Conclusion
In this study, we have investigated the insulating origin of (LaO)MnPn with by choosing pnictogen elements and hole doping. Choosing the heavier pnictogen atom, hole doping became effective. Finally, metallic phases appear at higher hole doping in (LaO)MnAs and (LaO)MnSb. Collapse of the antiferromagnetic order was expected from valence change of Mn from 2+ to 3+ which comes from hole doping but no information was obtained due to magnetic impurities. The Mn 2p-3d resonant PES indicates the finite DOS at E F which means that the Mn 3d electrons are conduction carriers. From our study, (LaO)MnPn are concluded to Mott insulators.
